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Abstract D A fclate-taigeted transfettfon compte* that 1$ imerrtalaed 
by certain cancer cells and displays several rmpertjas reminiscerii of 
enveloped viruses has been devetoped. These (iposomaf vectors are 
comprised of a prfycation-oondeBed DNA plasmal assoriaseo' wish 
a mufiure <rf neutral and anionic Spins supplemented with foiate-priy- 
fahylenc .giyc^O-dWeylphosphatidyleUianDlaiiiine for tumor ceil- 
specfe targeting, f¥£itracorr/ldioiBy^ 
mrJurjeu to pmSependerd release of enolosdnie^mlrapped DNA. into 
the cytoplasm,, and a novel {tfasmid containing a 3©£bp segment 
from SV40 DNA has been employed to faciilate transport of the 
piasrnid into (he nucleus. Because formation oMfie ETNA core is an 
important step It the assembly of fiposomal wctes, considerable effort 
was devoted tacomparirtg, the transfecSon effiefertrjesol various ONft 
cartdsnsftg agents, II was found thai complexation df oiasmtd ONA 
with rggfi molecular weight polymers such as acyiaied'polyfysinB and 
cationic dendrimers leads to higher fotate-medated ttansfection 
t^cterey than DNA compfexed y# unrnotfJiad rxtryfyslrte. In contrast 
rampattibn of #asrr^.T)NA With sraaS catkmic mofecutes such as 
spejrmitte, spermidine, or gramiadiri S yields only weakly active fotave- 
targetea fpraorMveciors. Comparedio analogous lrpc*#mai vector 
preparations lacking an optimally coiTipscted DNA core, a ceB-spedffc 
targeting figana, a caged lustjgetiic lipid, and a nucleotide sequence 
tftal facpates nuclear uptake, Oiese modified liposomal vectors display 
gjeatty improved transection efficiencies arid target cell spedTcity; 



tatrodiictiori 

Gene therapy constitutes An attractive strategy /or the 
tx-dmomm. «# a variety of human genetk- itDsprders. 1 
Although viva! geiw; therapy can report the greatest suc- 
cesses- in aninml anil human lxisis to dane, 6 "" liposomal 
vectors have stimulated Increased attention due lo their 
low unrminogenidty. lack of potential infeciivity, and ease 
of assembly from chemically defined components." tmfoiv 
tunabely, liposomal vestas also suffer frwt their owii set 
of disadvantages, including generally tow efficiencies of 
transfection andetevated toxicities toward normal ceils. 8 ' 1 * 
Work on lipoma! vectors has corisiHjuenlly focused on 
developing forinidatimw that Improve transaction «f- 
flciency. without compromising hast cell viability- 13 " 

One reastmahle approach for addressing the deficiencies 
of liposomal vecttns has been to identify the features of 
viral vectors that render them efficient vehicles for gene 
transfer and then mimic these features in synthetic lipo- 
somal constructs. Based on information available, to date, 
the desirable characteristics of the more promising viral' 
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vectors would seem to h\dude (() their ability ti> etariently 
compact and package the genetic material (II) tlwir expres- 
sion of.a Mirface-wiptracd; ligand for stable attachment and 
tndixytosis/dellvery of the condensed DNA into tnc target 
cell, tli^ tlieir means of releasing their nucleic acid fiwn 
the endosoine into tlte larger cell s cytoplasm, and (iv) tlieir 
itierhariisnw for enoandng transport of their genome into 
die host cell's nucleus. It can be speculated that future 
liposomal gene thera|\y t-edars will bicorporate componeiiti. 
d\at nvimic«uj«y of these desirable, viral i'tintiirms. Tnaeed, 
stime progress hasalready.been made towani adjiewment 
of these pbjectiyes. ; '- M 

Prabably the greatot advance in opttnfizfug liposomal 
vettors has stemmed from development of cationic lipo- 
somes t hat not only promote DNA compaction and avid cell 
asspciatron, but also enhance, delivery or the genet ic cargo 
in «> the cell's cytoplasm. 2 * ~ 3 * Associated with these desiiv 
able features, howa'ef. is a significant loss df ceil-speeiflc 
htrgetabtlity. since strongly litionic cwnpfextis trettscrtnit- 
nateiy btrxf most rell surfaces anrf thereby render any 
Hgarcd-specific interactions fargc!ymieaaningfes«i. Vyiiilesuch 
geiJericcell smface affinity can be prevented byeJirainatSng 
excess cationic charge, the resulting eieUtrat DNA- lipid 
particles are generally poorly fusogefiic. even when deliv- 
ered into target eelfs by reaiptor.mecltated endocytnsis.. 
Clearly, mridijfoatiori of cationic liposomes for celt specific 
targeting involves more than simple attachment o! a high 
afUnity ligand to the liposome surface. 

Our laboratory has been interested in the use of folic odd 
as a targeting ligand to deliver attached therapeutic and 
imaging agents tri cancer ceils that ovei-express the receptor 
for folic acicl. rs ' 31 Because folate-tlnked cargo's of diameters 
^•1S0 nmare ; efficiently bound and ihteniaUzed by folate 
receptor (FRj-expressing tells, it seemed reasonable to 
explore the possibility of using folic acid to facilitate 
liposomal vector delivery to FR-em lchal cells. In this [»aper 
We describe our efforts at integrating several desirable 
features of" viral vectors into folate-targeted liposomal 
verlnrs. Willie several PAceilcnt publications dcscdblng the 
use of folic acid to deliver genes into emmr cells have 
already appeared. 28 a more comprehenstwattempt to 
optimize components that might mimic ctestrabie viral 
characterfstfe lias not been reported. 

SSatenate and Btetiiods 

Materials— Att canimenaaU^ available lipids were, -puff based 
from Avamt Polar lipids {Alabaster. At.). Cicrattinic uatiyrtride, 
2,6 lutldlne. hdk; acid, poly-t-lyslne hydrobromtde (MW ~- E5.6 
K&iH. mynstoyl chi(»'&te. palniftic acta /^hydroxysuccloirtifdyi 
ester NHS), oleic add-NHS, and gramteldin S were purchased 
ftom Sigma.Cteiuical Co. (St. Louis, MO). Spemiino, spefmiaiiw! 
and chitosstn: (n«dlum MW. Z00-800 cpsj wore from Aldrich 
(Wllwaiiki*. WI). Cattoivk dwidrimers w«re. obtained ftwi Deiv 
dritcdi Inc. (Midland. Mi) and Aldriiii (St. louia. MO). | 5 H|- 
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fcltulesuiryl tflsa&xyl ester and Na ,M f were purchased from 
DuPcrd: Folate deficient TiinitiBed Eaglet medium jj-DMEM) and 
other additives were purchased from Ufe Technologies, ljjr. and" 
fetal caffserum was from HyOone Labs fLogon. UT). ^galacrosl- 
dase assay kTtsw^jiurehaacdfi'wnPTOivegii'frSaiJlsoin, VV5). BCA 
protein assay reagents were- from Pierre (HodsfeM. 11). 

Klasoiid Proparatlon-A 3436 bp HlndlU-Kpnl traftmeiit' of 
SVIQ DNA corntiinSng tht; origin and promoter region (SV40 iits 
5171; to 294) was amplified by polymerase, chain reaction, and 
ielonetl into the TA cloning viictor (IrivittDgen, San Diego CAj to 
create plastnhl jiTA-OTS, SulKenuently, a 384 bp Hinllll-Sall 
fragnrertt was Isolated from uTA-tJTS ahtl Inserted Into tlie 
corresponding sites of pCfcW,f?g8l (Clmicndt, Pafo Aitn.. CAJ. 
tfdwrLs'tream of He Iar2 gene. PrtteUefra,pceparat torts of plasinfds 
pCMVtacZ and pDTS(ac£ were purified following alkaline tesis 
using Qiagei> rnegaprep columns. 

Synthesis of Fatty Acyloted. Potyly»toe-Acyl^Ml porylysiiis; 
was synthesized by 'reaction of polyfysine. (M -^25 700) with 
s*XWai«<( titty acids at a fatty acin7f.ysihB ratto of 1:5. Mvristoyl 
r. htorliitti ;poln»Mc. acld-NHS, w olefe acsd-MVIS (0.077 aitnoi) W i 
nib of dry D.MP was artclEd.ta l'S nig of palylystoii in 500/fL of dry 
DMSO, aid the mixture was allowed la react for 24 it at. romo 
temperature. The solution was then added to. a largei excess of 
•diethyl ether to precipitate .the deriyartzetl potvtysine, 24 and t)Dj 
psryroer was purified by dialysis against dehi>rn>ed water The 
resulting polymer was quantified by .trypan bit* assay" using 
lirtmtidlfMtd jSolylysuie as fuestiiriftard. 

Preparation of l.ipoaoroe Formulations— ft Gltrn<;oriyl-(i I- 
oieylplwsphafiaylnhHholannne (C-DOPK) is a caged, furm of di- 
pl«5jf1))l.iaspiiatklyletl«on>lttmlrMf. f£>OJ?E) chat msims hexagonal 
phas« formation anil consequent liposome fuxiiui until thecilfa 
conyl moiety is released by acitBft<a«lorj at pVla < fir"-* Assuming 
such tow pits are only experienced fbJlowJnjj raidocytosisby target 
ceils, tocraj«TOK>n of tDQl'E tmo/linnsojnal verrorsjshoirtd allow, 
acquisition of fusojjenle properties only following uptake bv. 
transfected tells. 

C-DOPE was synthesized by reacting OOPg with cttracoMi! 
aoliytu-lds. and rjie iresuittng' caged fusogeiilc lipid was purified 
as described earlier. 1 ' 3 * .Liposomes waraj prepared by mixing 
chloroform solut ions of DOPE. cholesterol, C43QPB, and dilstu-' 
l>olytethy1enegyca^ 

DOPE, a derivative of dloleJloha^w|tidy)elhdrKdainiiw linked 
coynletiily to.folfc acid via a poly (ethylene glytxil) spacer^) or poly. 

the nwiuirgeud contioi for l*A-PE<2rDOPE} followed by removal 
of (he dtlorafonu umler vacoiini to produce a dry Upid ninu. 
Hydfatiott of the lipid ntis then achieved by addition of I .OroL of 
sterile 20 mM HEPKS huffer, pH g.Q. 'ftflowed by voiTexing fnr I 
Will and bath sonlttMlnn to obtain a dear emulsicai. The total Upld 
ctuitenr, In these UpowSi.ne iorrmilatio/is was ~5 mgtoiL. 

Preparation ofrransfeclian Competent Comnfexes-^Pnly- 
iystae, aEy'lated-pnlylysine; dendrirhefs. graralcldin.S fetock solu- 
tions of 10 rna/inL In dimethyl sulfoiride). spermine, spetrnkline, 
and cfiitusa/i (stock solwtkjms of (0 tngWiL tn ttq«coua \% ewxfc 
a*id solurioii) were dilafetl to 1 in^niL in.steiile dejiiniifed water 
aiidstrwedai. 4 "Cun.ti/ use. Poiycatta t-OiVA complexes .%vet« Uksi 
generated by vnr tearing et[uiit vciltimes (iW/tQaf die.appronrlate 
polyctirjon solution with 40 /igr'roL.pCMVJacZ plasiitiifDNA in 
serum B-ee tnediunt for i miri : foifowed by Incubatfou a,t foool. 
temperature for at least IS.rriin. Ratios of riHdeleacldtai»lycatlOri 
Chaise were estimated, from the elewostaric charge present or, 
eachOTittpa^ient, 1 * 35 - *'Tlieivsutting poly««>on-D?iA ctatiptewss. 
(i!C0/iL) were then combined with 200.iiLofO.24 mgr'mL llposoroes 
susjjenrfed In serum free medium by gentle vortestiig. The 
hydrodyoainii: diameter of tfie cotnjiiex was deiermined by dj'- 
riamie fight soutetlnz (Coultei iV4poJs SubHifbroti. Particle Sftcr, 
Miami, R.,)'. 

Cell Culture otul Tcamifecttort of Cells Wrfth Liposomal 
Vectoia-- KB cells, a human nasopharyngeal cancer cell tttajt 
expresses elevated (evels of folate receptor were cultured in folate 
tlefJdeitf. Diiftecav's modified Eagles ouedhmi (FOMEM) concaitxtng 
! 0% heat-Jnactlvaced fetal calf serum <FCSK jsenidilin (50 units/ 
ml), streptomyrln (50^inLi. :2-raM.L^utwiir)4'Ar!d.ritiiiosseritial 
amino atids at S7 *t fit a 5% CQz humidiSeci atmospivere. In a 
typical experiment, cells were seeded 48 b before traiisfcrtlon Jn 
24-weit plates at 15% w 20%- ounfluencts. Immediately pffer to 
transfottiQa. the cells were washed wltli 0.S rnL of .serum fi^ee 
I'OMEM and then. Incubated Rtr Vlh St 37 "C wlrh DNA/liposotiie 



^foitfexes In 400 uL of serum free FTOIKM: After tnculwttprt, the. 
raecBum containing any free UNMlposcuw omiplexes was re- 
placed «tfth vertor-free medium (FDMEM) wniainlflg IC79a fetal 
ca]/ serum. Thirty- ibt hours after transfectioit, cells were analyzed 
for ^4a)acti«ldasc expression, as desiribed by others.^ 

Evaluation of Liposome Cmoptexation witl> Corniemcd 
DNA-Plasmld UNA was laheled witli »»l using the. published 
method of Prensky." LabeierJ UNA was than separated fixau free 
io6U»B by gel fihratibn chromatograpfiy on a Sephadex G-25 
aduoui In 50 mMHEPES iphf &0) buffer. A.distomeiuous sticrose 
gradient containing layers of 3 mL, 5 rrJL, ontj 5 nd. of 0%, 2036^ 
and 40% Kucrose dissolved in' deioruXed water, respectjV'ely. waa 
tlien coiistrucwrt. SonipleS comprised; of ,J *i-iabtiled DNA/polyca- 
ttan complexes and/or 3 H ; lalwled anionic liposomes wet* tavered 
W top of ttte gf adiem and cent rifuged at 24 000- rpm .0 00 «%> 
in a Becknumn SW28 «lvvacei\ttifugB rotor for 45 mln. One 
mUlftia-r fractinns were fleeced sequeiuiially from the. top to the 
bottom of trie gradient and muslyznt for (<p(d. and DNA cotitetit 
by sdra-UlHtlfiri ami gaoiriM toimiing. raspectH'eJy. 



Results 

fn agreement with observations or.others,'*-** we have 
fbtind tftat. cuttnnic lipid' fonnuJatipns cam tot be readily, 
taigeletl Uj ra«ptpr-hearirig ceils using csU-speeilic ligatvds 
such as Folic acid (data not- shown). We, tterefor*. . under- 
took to int£griite features into tieitt raf liposomes that nilgfii. 
facilitate uptake and. deJivery of 'encapsulated DNA into 
the mideus. Frooi previnus studies, it was twtecf that 
C-DOPE, a caget) form of DOPE that converts to: the 
natural fttsogenic lipid. (I.e., DOPE? Mpon, tstptssure to -atitlic 
pH, coulci citable pH-dependent release of encapstjlawd 
DNA.frorri endosomal compartments,^* Howevtjr, because, 
tltese eariier lipid fprmuludpns contained Isrge amounts 
oftuimodified DOPE, ihey wm> found to be unstable during 
5to/age and hence not t-iabte Air eventual clinical appfei^ 
tforts. Although adaition of 40% choieswrol was obsetS'ed 
to render dif.se formulations stable for at least a month, 
the added sterol was simultaneously found to comprornlst 
the fusogenidty of the lipid complies. We, therefcre; 
wnttertook to reovaluate various lipid formulations ibr a 
combination ths* might be both stable and targetable. yet 
capable of facilitating etitcient transfection of FR-express- 
ing cells. We have used 0.1 mol % PA-PEG- DOPE as the 
targeting tigand in all such formulations, because we have 
previously foutal that tHs percentage was optima! for 
targeting vectors to cells expresshtg. folate receptors find 
since cells iacMrig such receptors are not tietectably trans- 
fected by such lorriralations. M Figure I shows that lipid 
envelopes of the TOinposition DOPTT/C-DOPE/clioiesteroir 
FA-PF,G-:DOPE (45.9:10:4(5:0. 1 ma] %).arc highly efficient 
in traiisfeeting KB cells with a poiylysine-conipactad 
pCMV^gal vector. Importantly, when the FA-PEC-DOPK 
liposomes are replaced with natviavgeted liposomes (PA 
PEG-POP.Eireplaced Viith PE&DOPr^, the ^-galactosldase 
expression decreases to backgnwix) levels. IndlcaOrt? the 
above formulation fatfliiates tiga/id selective cell associa- 
tion. Eurther, .when 0OPS is subsi Uuted fw C ,fX)PE in 
the targeted formulations., tio transfefction Is observed. 
dernonstratJijg ihat the caged lipid's pH dependent fuso^ 
genirlty rather than its negative charge enables gene 
expreastatu Fdutlly, wfien the. optimal fovrouiatkm is 
^.fnpared wiih unstable, UposQitWis of the coifiposition 
DOP&'C-DpPE^A-PEC-DOPE (97:3^.1 mol %), the chc- 
K^erol-5taWU'ied Aiposonies are seen to &USM ojily. 15 iti 
205o Io*er iransfection mSvity {data not shown). Since the 
ttonstabtlized formulations lose all transfeftion activity 
during 3 days of. storage, foruiutatiu'ns coittainwg 40% 
cfid(ejftero) ware empioyed tin ali remaining eKiwritnenis 

fndu^rm of C-DOPE in Use upid mixture was found to 
benefit the vector fonnulatlori hy a second mechanism. 
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mole % C-OOPE tir POPS 

figure l-pjainiBBfcn o( G-OOPE center! for masmum traasfetftm acWty. 
Liposomal vectors were prepared nningpCMyiacZ^ciytelna (1 tits wto) 
cornptexes **h liposomes awsfaing of 40% chofeaeroi, b. 1% FA-PEfrOOPE 
W.T) * PEG-DOPE P). plus «h tfufcated mote % of C-OOPE (•.Oj or 
DOPS pr). DOPE was then: added to raise the lipid total to 100%. Folate 
receptor toawtng KBceSswse transfected as described in (he Mettods sedon. 
Assay results areejmrcssed.as mffiurte of ^tectositiase per TOceSprotek 
Data are presented as means * SD Khere ft = 6. from too mdependent 
eitpenrroris. Mean vMues were compared using one-miay analysts crfrariattte 
(ANOYflJ foUowBdbj the Sfodert-NewniBrHKeuis Multiple Gompatsons Test 
(Sigmaslat). Stynffkance wiasset at p < 0.bs; Pvtes for cbrripansdn of 
flqtf espmssm tufih FA-PEG-DOPE ^xrsomes containing trie mdjcated mote 
% of C-DOPE are 3% versus 5% < 0 001, 5% versus 10* * 0.001, 10% 
wersus 14% = 0,003 and for 15% versus 20% = 0.002. 

Because of Its double negative charge at neutral pH, 
DOPE incorporation endowed the derived liposome with 
a. strongly anionic character. Thus, upon .mixing: with 
ratkmie DNAi'pdlycation complexes, a particle spontane-. 
vusly Conned that had a neutral to slightly negative charge 
[data not shown}, In contrast to positively charged par-. 
tides, this: neutral to Slightly anionic particle could be 
readily targeted by attachment of a cell-specific llgand (tc. 
tQ.tlc acfd). flius. the C-OOPE assisted in vector assembly, 
vector targeting, a nd pM-depehdeftl vector release into the 
target cell's cytoplasm. 

S'irite physical chovarjerfctics of liposomal vectors can 
make an important aintribut Son to the trarefecUon efficacy, 
we measured the sizes of the DNA/n^lylysine/IIposome 
cotriplexE5. All vectors tested were found to have diameters 
of l.rC ± 40. tiM, and no statistical variance, between the 
many preparations of control and C-DGPE vector? was 
detected. We also Aid not notice any trend In the size of 
the vetiprsfisC-DDPE'COhletit wiis varied. This is probably 
because, the primary step of DN A condensation is always 
performed with the same amount of poly lysine, and the 
Added C-DQPE conteaivttsg liposomes simply conform U> the 
size of this.pariide. Hence, we conclude that a variation 
iasiic is not the baste for the differences in transition 
efficiency observed at different C-DOPE roncentfatiom. 

Effect of Incorporating a DNA Targeting Sequence 
Into the Plasmla— Smbe mast vectors employed for ieu- 
koryotic gene therapy must enter the nucleus to function , 
we next explored whether facllitaied. nuclear import of the 
ptasmld DNA would enhance the: efficiency of gene expres- 
sion. For this purpose, a novel plosmla (pBfTSjSgal) was 
constructed {Figure 2), which is identical to th/e ccmmertial 
plasmld ipCMV^gal) except for .insertion of a 306 bp SV40 
uuelsar targeting sequence downstream of Die JacZgene 
and potyadenyfation signal. To evaluate the possible con- 
IrBjution ;of this nuclear targeting sequence, pDTS$gal was 
compared with the parent pCMV/Jgal for expression of 
^galartnsidase in trsns/ected celts. Figure 5 shows t hat & 
l.S-2-fald increase, in /t-galactosldase. activity whs mea- 
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Fjoura 2-Map ol pDTSjSga) ptasroi. A . 3B4 bp Hindlll-Sall fragment 
(SV40DTS) corteOTng the origin and promofereojarii (SV40 nts 5171 » m) 
from SV40 DNA was inserted Wd the Mrresponolng, sites of pCfiiV/tal, 
downstream ol the laeZ gene, to facilitate p^srod entry Into the nudeus, A 
qrtemegBtosints hmedfate eaify gene ptaiwterfenfancar was employed to 
dnya expresston of the reporter ^ra..pVga!actosloase Oac 2J, SVW p(A) 
SVW polysdenylaSon signal; Atiffi ,S^aclamase gene. 
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Figure S-Effect on trensfection efiicieney of toserting a 36S bp SV40 nuclear 
taring sapence into W i i^MVfacZ pias^ TracfecW c«r^ ^ 
prepared r^.rnisang 4 ^g.of controiplasniid, pGWp'gatfopDn bar) or 4 uq of 
ptenSd . cumta a nudaar fargeS^ s«|uence. p07S^cal (slashed .fort 
w» poMsfs^e, ard*en hsialmg the derived corwfetcs y#i Tipasoines 
conssft>g of 4o%:d»lestefof, 0.1 aioI % f A-PEG-0OPE pfta fte fcttteed 
tittle % of C-DOPE. UmraStod DOPE «« adaed to b™ 9» total MA 
content to 100%. Transfecton of KB ceSs was then assa)«d.as iiescribeJn 
fhelfefhops secfioa Data are expressed as means ± 5 D Where fl = 6 P 
latues. twnpaiing tol eqsessiori witt) pCMV/iii and aDTS^gat ore < 0 001 
*i a three cases, ■ 

sured when pDTS%al plasmiri -was subslltutcd for pCMV- 
/5fial in each of the three formulations tested. Ihis nuclear- 
directed plasmld was therefore employed in the: remainder 
of the studies reported here. 

Identification of OptiniaJ DNA Compacting Poly- 
miers— Although a variety of coUoitlc polymers have bec-ji 
exploited as E0SIA condensing agents, the resulting coin-' 
Plexes ^ thought to differ in degree of compaction 
compa^bfiiry with different lipid .faxnuJattons. resistance 
to cellular nucleaies, and extwt of DNA unloading follow- 
liig entry lritd a call's Ulterior. Since Jigarta-ntec/iatai 
ejidocytic pathways might differ considerably from cationlc 
lipid-piomofed uptake pathway?, it seemed advisable to 
reevaluate various DNA compaction methods. for use with 
l^gand'targeted liposomal vectors; 

A panel of pnlycatioKs tncl&ding spenhitw, : speiinidiiw, 
grajTikld/n S, pplyamidoamltte dendrimer; pofyiysine. and 
fhitnsan vv«e therefore examined for their abilities to 
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figure 4— Effect of various otigo- and potycaikms on'th?. trarrsfeclbn atBity 
of ToteMaigaed liposomes. Pof^atiartBW'conqtossalthetKi^cli^ 
ratios were prepared by rrtfctag pDTSacZ with spermine (open bar), aemii*e 
(left stashed bar), f/arofckSn S (double slashed bar), jwMystae (right slastisd 
bar), or 58 A po^midbamira calbnfc deodrirners floHontel slashed bar). 
FA-PEG-llBosornes were then prepared ana" transfecfon efficiencies cbrtrpared, 
as described in the Methods section. Tftel^contpasitimof tfteeorraiteJSs 
was 10 mcA% C-OOPE, W.9 mol % DOPE. 40% chdtetaol, 0.1 moi % 
FA-PEG-DOPE, Too (nlyeafao/DNA charge ratio refers to the charge ratio 
Of the complex befaeadrjtion of the anionic aposomel data am expressed 
asmeats i 50 wtterft n = 6. 

facilitate ToJm4M.arg«f.fsi gene:expressMn. Charge, ratios (tfc) 
o! 1.2/1, 2/1, antf 3/1 were chosen so that upon flintier 
complexaiidn with anionic lipid .mixtures. the Vectors would 
remain anirarfc, neutral, or even slightly caiionfc to ensure 
tow le.ve.te of nomnrgetwi gene transfectfov As seen in 
Figure 4, only the high raftfcGiolar weight jwlylysUifi awl 
ftflyamidoamine dendritic polymers were highly active. 
QHgocations such as spermine, spermidine, and gramicidin 
S, in contrast. yielded low iransfectSon effkiencies at the 
charge ratios tested.; It was also noted that transfectlons 
with dhitosaw-eondensed DNA (data not shown) resulted 
in high mortality. eHinlriatmg this complex from further 
consideration. However, the nea r absence of toxicity of the 
polylysine and dendritic potywuts qualified, them for 
further exploration* as described below. 

Further Examination of Polyline-Deri ved DNA 
Condensing Agents— Encourajjed by the potential dis- 
played by polylysine. and motivated by a neccnt-reporcthat 
partially aerated isoforms of the potycjttoii might enable 
-still better transfection effkiencies, 35 we undertook to 
compare various acylatcd polylysfne^jnourfolate-targeted 
KB cell transfedion assay, Acylated poiylysines were, 
synthesized by N-ulkylal inn of iiolylysine at a latty acid- 
fb-lysine ratio of 1 :5 under anhydrous coupling cattdittoits. 
Following purifiration 55 and determination tsf residual 
charge, 36 pDTS/ifgal pjasmW, UNA was successively com- 
plexed with acylated-pulylysinc and then DOPF/CDOFE/ 
cholesterol/fA-PKJ-DOPE (45,9:ia:d0:0:i mol %) lipo- 
somes. As shows in Figure S. fcilalf - targeted vectors with 
acylated poiyjysinfes showed higher transfection activities 
M.3 to 2-foloO than v.eetiors wlth itoiiacylated polylysine- 
Furthermore, oleic add-derfvatized polyiystne displayed 
higher trmisfettlnn efficiency than either palmitic acid- or 
rayrtsfic; acid^conjugatjeci polylysine. 

Optimization of Dendrimer/DiVA Complexes for 
TransfccttOH— To determine the optimal charge ratio at 
dondrimeo'DNA complexes far ligaixl-targetcd gene tlterany, 
KB tells were transfected wirJi der^lmer-cohipacted DNA 
(generation 6: G8 A diameter) complexed with either FA- 
PEG-DOPE- or PEG-DOPE-corttatning liposomes. 0-Ga- 
(actos Idas* expression was then measured as a function of 
dendriTner/DNA charge ratio, which ranged from 1.2:1 to 
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FfatOT 5-iBect of pdrj*ysif« acyiarion on transtecfon efScienty. pDTSlacZ 
pfe^ was rrto With mifame 1pL) or pofyfysaie denvstlzecf with the 
•rracsed .acyl chams (see Methods) at a ± crtaroe raSo of 1.2/1 The resuffirw 
MirBtetes were ten inaawta} wtb fA-PKC^»somes arid tested Ibr 
barBteakw efflcterw; on KB ceBs. Ihe ^id composffion of the FA-PEG- 
Bposome$ was rjo jsroiaj C-KIPE, m moi % 0m., 40mol*chote»«rt 
0.1 moi% Fft-H<H)0P£. Data are earprased as means ± SDwttera rr = 
3. P vshies f» rarrajarii^ ^ 

«e pL vereus HPffistvIpL = 0132, myrisiyift vbsus patoW^j t. - 0.085 
ami for paVriylf L versus oteyl-pl ~ 0ML 




Osndrtnar to DNA charge iwta fW-) 

Frjiue s— Bfcci oi riend/irneiroffA char^ ratio on /tftoarfieExi Spttoma! 
vector.translecK?!o}.K8rjSs. OmpiexeswaBr«!pared r» mrww denrJrimefi 
pDTSbcZ cornptexDs at increasirn charge ratios wSfi C-OOPf toosames 
corisisSng of 10 moi % C-DOPE. 49.9 mo! % ffflPE. 40% cnolasteroi. and 
0.1 mbl% FA-PEG'DOPE («)* PEG-t»PE(6). transfection compWency 
m then atialyterl in KB cefe, as Ascribed in the Methods. Vm dendrsttw 
W DNA djafgeirasorefers to 8w ctep ratio of the torrffeit before addition 
of the a^iDBfe Sposonses. Data ana ejipressed as mms t sn where rr = 6. 

4.5; 1 . As seen tn. F^wre 6, the ltiaximum lave! nf /J-galsH'- 
tbsidase eJtpfesston was observed at a foatgi ratio of 2*. 
J ( while at mine of Ute examined charge ratios wer? 
nontaiigeted liposomes effecOve ar-ents for gene delivery 
A charge- ratio «f.2:&l »*as. therefore, used in alt furtter 
dendritTjer-based studies. 

The heterogeneous nature of most DNA-potytarion 
complexes makes it diffkutt to determiius which of the 
diversity of ctBttplwces in any suspensien is utsst effective 
in me<Iiating transfection.*' In conuast. dendrimera with, 
their uniform sliapes and sizes allow quantitatj ve aha)ysi<f 
nf the influence of vieetor size on the efficiency' of gene 
transfer. As shown In Figure 7, an increase in transfection 
efficiency Was observed with increajsing dendrinier size 
from 10 to 68 A, followed try a decrease in activity at 81 A. 
Interestingly, expression of ^gatactosidase with the opti- 
mum (68 A) dendj-imer complexeis was 2.5- to 3-fo!d higher 
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DanAiiTWfSliB!<*A) 

fSW 7-Wuenceo/dfindrinfif .we trans/a 1 efWency pDJSkcZ 
pssmld vectois were famulated anUi (tencVimers of ihe indlcaded sacs at the 
Ojwna (fendrinierfDNA djsrge fato ol 2.6:1. The iesiS&» connfesas were 
Iten mixed wilh FA-PgG-liposames («) « PEG-fipasomes (O) and tested 
for tfanslectioaefflriiitty on KB feU5,.as desctoed in Figure 6. Data are 
expressed as weans ± SO where n-1 

than that seen with polylyslne complexes {compare with 
Figure 3).. As before, negligible levels .of £gedaetosidase 
expression were observed when FA-PEG-DOPE was re- 
placed with equirnojar PEG-DOPE in the lipid fract ion of 
all dendrimer complexes tested. 

Analysis pi* the Interaction of Polycation/DNA 
Complexes with Anionic Liposames-Wiih any Itgand* 
targeted gene therapy formulation. It is tmportani. to 
detmri'me the fraction- of ligand-derivattzed empty lipo- 
somes t hat might compete with DNA containing liposomes 
tor call surface receptors. .For this purpose, oleyt-pol>1ystite/ 
DMA or cationic dendrlmer (68 AJ/DNA complexes were 
prepared at, their optimal L)NA;po(yration ratios, and the 
complexes were Incubated with anideiic iiposdrovs ctmi- 
prised of pOPE/C-DOPEfchotesterol/FA-PEG-DOPR The 
resulting fotate-tethered liposomal vectors theft frae- 
tionated on a G%/20%AtO% discontinuous sucrose gradient 
and IfeKttans were analyzed for their UNA and lipid 
contents. As tinted .in Figure 8 and eTsewiiereK* 1 free DNA 
and free l iposomes remained w top of the gradient , while 
unprotected polycattoii/DNA complexes migrated to the 
bottom (Figure 8AJ. In contrast, fully assembled poJycattan? 
DNMfposoRte'compJeiges were of uuenuedlawdertslty and 
sedimented as a broad band in the middle of the gradient 
(Figures SIB and AC).. Quantitative evaluation Of the 
distribution' of lipid and DMA radlolabels In these gradients 
revealed that the majority of the DNA comptekes were 
associated with Ssposumes, and very fey empty tipbswnes 
remained in the preparations to pimpete with theDNA- 
ramtadning liposomes, for folate receptors. 

Discussion 

We have shown that the traiisfecUurj .effltf eircy of folate" 
targeted, dwlestero^stahUlised 1 liposomal vectors can be 
significantly enhanced by fj) use of a pH-sensMve fusogenk 
lipid, (ii) incorporation of a nuclear localization sequence 
into the: encapsulated ptasmid. and <lil) selection of the 
optimal composition, size and charge density of the com- 
pacting polycatinn. Indeed, when compared to potyiysine- 
edmpacted conventional plaSmids, associated with Folate- 
targeted bui pH-.inscnsitfve (Jacking C-OOPEJ, liposomes, 
w i increase in gene expression of mote than JO&lbld is 
observed. While further improvements In each of these 
fcntitres may be necessary before a clinically useful vectof 
can be. assembled, the above, exp [oratory study coristiiute^ 
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fraction (rti.) 

fta%»H)NA-iposome frseracttore using sucrose 

nu. m —y^wwmtotom® i&m derate* 

'^p^oorrtammg fB l-iabde<l DNA (20 wfi. and tree fcosomes 

^ 3J m l*P <fc{ <« lrB w« muse graifertt at 1<K7 OOOg fot « mln. 
Oro trtfifltw fraejprs were roSetted starting torn ttie toa d each qtadient 
and counted for °H and *H isdfeaoMty. After Iricubdihg tfie focsomes with 
•"SSSte^S^fiSK® w tta«»lA m p»Srfes7«ie5C7fiaJ 
wBKte* tte sssembtel BpbsonnPvBctns wBrefeafcrated mm 9« same 
.{4H*nd coated far rattoatfc%. ite iteyHidjiy^eM »kJ the 
<2*wiei^«}ripli!Ms arc-scen to sedhicm id the bottom of the mtiert, 
w^me smorac lipceomes and free DNA remain at ire top. Mixed complexes 
swsrora to w,iricm»flato posito w ibe gratSea, Data are e«»esjed as 
means -tavwherc o=>'3^ - 

at least e finst step toward development, of a Hptssoihal 
vector that mimics the desirable traits of manv vjral 
vectors. 

One of the irjosi critical limitatloits of standard neutral 
liposomal vectors appears ui be thek thaWUty to dock with 
and enter mammalian csDk 49 Cationic llposwries obviously 
do not shaii? this problem, but they aj-e encumbered with 
their own. set of iimitaiiojis. 14 Although the ad van tages'of 
ligand inediated cell assodatioti aad internalization vw>re 
not emphasized in this report; it should be noted that the 
nontargeted vectors were generally 50. to 100-fold leas 
effective than their folate- targeted cbuiHerpai ts This 
differential would suggest thai ligand-mediateci cclV as- 
sociation and uptake Is a vital feature that should he 
mimicked In liposomal Vectors whenever possible. 

A second characterisfic that .contributes measurably to 
the. usefulness of. viral vectors Involves their ability to 



promote gene transfer across n target; cell's plasmafendo- 
somal menibrane loin the rtiu's iytoplasiM. In the liposomal 
vector described iiereVthts capability b oloomplished in t w 
steps. First, the cell's natural folate. receptor-mediated 
endocytosis pathway is exploited to carry the therapeutic 
vector into the target cell's enriosome, atut then both the 
dtriconylatod and unmodified DOPE cotnbine to facilitate 
escape of the DNA from the" endosorhe into the cytoplasm. 
According to this strategy, the vectors full fusogerric 
potential is not realized until the cltraconyl group of the 
G-DOPE Is; bydrulyzed at law pH. liecause the required 
acidic Conditions are not encountered prtpr-lo entry Into 
elidDWirras, incorporation of C-DOP£ limits vettof WiiHaii- 
ing prior to intracellular uptake. With the optimized 
combination of C DOPE and DOPE employed here; an 
Increase in gene expression over veetors lacking C DOPE 
of 40- to 70-fold was observed. Excess C DOPE presumably 
reduced transfection efficiency, either because too. much 
C-DOPE had to be hydrolyzeci to enable fusion, or because 
the excess lipid assembled' into foJate-targeted but plasm'id- 
free liposomes that competed '-wiiii the plasmid-contajning 
liposomes for cell surface receptors. 

Probably the ieasiest viral trail to mimic in Upospmal 
vector formulations lies in the ability of t h e viral genome 
to promote its own nuclear import. Because the- DNA 
sequences involved in this process ait; located within the 
origin of replication and promoter regions, the likely 
mechanism for iHiciear import involves binding of specific 
cellular proteins and their facilitation of genome transfer 
across the nuclear membrane. 5 ' While the enhancement 
awHimpahytng Inclusion of this viral sequence Into our 
plasmtd vector was only ~2-fold (Figure 3). the benefit to 
vectors targeted to less -actively dividing cells could be 
tnnsiderabiy greater.* 2 Thus, DNA transit across -the 
nuclear membrane only becomes rate-limiting when the 
nuclear membrane remains Intact over tong. Intervals, jfo 
rapidly dividing cells such as those used in our study, this 
membrane istffsmarrtled each time the cell enters M phase. 

Viral cdpslds are able to condense, ttvelr nucleic acids to 
a sfee lhat can be efficiently packaged and internalized by 
target cells. Synthetic poiyeations have been traditionary 
employed to achieve the same objective with liposomal 
vectors,* 1 -' 1 ' Indeed, for folate-targeled neutral liposomes, 
both polylysine and polyamidnamine dandi-imers were 
judged to be acceptable mediators pf DNA compaction 
(Figure <1). Further, when polylysine was partially deriva- 
Iteed with fatty acyl chauis of varying length, an additional 
increase in. trartsfection efficiency was observed. This 
enhancement hi expression, activity could conceivably be 
due to a decrease in electrostatic interaction between the 
acylated polylysine and DNA. thereby allowing the Inter- 
nalized plasinid to dissociate from thepolylysipearjd enter 
the nucleus. more easliy.^-Altertiatively, the llpopliflicity 
of the acylated polylysine could enhance association of the 
DNA/polylystne etonple*. with the anionic liposomes or 
improve the stability of the folate- targeted vectors, We 
suggest chat Incorporation of acylated polycationic con- 
densing agents warrants furtherexamination in any quest 
for an optimal liposomal vector. 

In contrast to the substituted and unmodified polyly- 
slnes. simple oligpcatfyns such as spermine, spermidine, 
and the cyclic ampliipachtf. peptide, graitdddin S. were. only 
weakly active. Although spermine, spermidine, 40 and gram - 
icidin S« are known to condense DNA and facilitate txons- 
fectian, the specmine/DNA complexes are unfortunately not 
stable at physiological tonic strength. 39 ' 25 This inherent 
instability may be responsible tor the. overall 'weak trans- 
faction activity of these targeted liposomal Ibrmulalioivs. 

The complex of plasmtd DNA and cationic denorhncrs 
was found to display the highest targeted gene expression 



activity of any formulation tested. Urilike the palycatlcms 
of low molecular weight, cationic dendrimers have a higher 
surface charge density arid axe consequently capable of 
fbrmii^g DNA complexes that are stable at a variety of pHs 
a^.S^l oinoentrpUons.^ 6 With these dendrimers, trans- 
fectton efficiency was found to depend on the number and 
stae* of dendrimers in each; complex; with the highest 
expression cbtained using the? 68 h deridrimer at a ir 
charge ratio prior «> llposnme addition of 2.8/t. Although 
stable DNA completes could: be formed at charge ratios 
greriter titan 5: 1 J these complexes were invariably ineffec- 
tive, even though such vectors had been previously shown 
to be optima! in the absence of complexation with anionic 
tipSd? T Why ttemore strongly charged complejtes were less 
eflkient kt our hamte te not clear, but an excess of 
noncontplexed dendrimer aiuld have competed for associa- 
tion with the folate- Jinked anionic- liposomes, thereby 
reducing the total number of denririnnjivDiNA/'llpowi.-i'e 
coiwplexes capable of folate receptor binding on ttw cell 
surface. 

eonduskms 

Atthuugh neutral liposoniat vectors gerierafly evhihii 
lower transfection effldencics than tatifliilr. liposonuil vec- 
tors-, they simultaheciusly display several advantages not 
shared by their cationic counterparts Thus, vectors with 
low surface Charge density can be readitv targeted to 
speciRe cell types, commonly exhibit tittle or no nonspedAc 
cytotoxicity,^ and display fetiuced tendency to activate 
complement, 1 ^ in contrast to most, cationic liposomal vec- 
tors: 54 With the ^ development of novel coni(X)nents/strate- 
gii?s Co facilitate {{) DNA compaction, (ifj cell sorface 
association and eutty, (iii) endospme unloading, arid (lv) 
Intranuclear delivery, the prospects, for improving the 
transfection efficiency of neutral liposomal vectors is 
Increasingly bright. 
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